Environmentally benign Friedel-Crafts benzylation over nano-TiO2/SO42- by Kalathiparambil RPS Devi et al.
Devi et al. International Nano Letters 2013, 3:40
http://www.inl-journal.com/content/3/1/40ORIGINAL ARTICLE Open AccessEnvironmentally benign Friedel-Crafts benzylation
over nano-TiO2/SO4
2−
Kalathiparambil RPS Devi1*, Puthenveetil B Sreeja1 and Sankaran Sugunan2Abstract
During the past decade, much attention has been paid to the replacement of homogeneous catalysts by solid acid
catalysts. Friedel-Crafts benzylation of toluene with benzyl chloride (BC) in liquid phase was carried out over highly
active, nano-crystalline sulfated titania systems. These catalysts were prepared using the sol gel method.
Modification was done by loading 3% of transition metal oxides over sulfated titania. Reaction parameters such as
catalyst mass, molar ratio, temperature, and time have been studied. More than 80% conversion of benzyl chloride
and 100% selectivity are shown by all the catalysts under optimum conditions. Catalytic activity is correlated with
Lewis acidity obtained from perylene adsorption studies. The reaction appears to proceed by an electrophile, which
involves the reaction of BC with the acidic titania catalyst. The catalyst was regenerated and reused up to four
reaction cycles with equal efficiency as in the first run. The prepared systems are environmentally friendly and are
easy to handle.
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Friedel and Crafts first reported the alkylation of ben-
zene with alkyl chlorides in the presence of aluminum
chloride in 1877 [1]. Their groundbreaking discovery ini-
tiated an unimaginable flow of new synthetic processes.
Over the past century, overwhelming numbers of com-
pounds have been synthesized through the modification
of the original approach, a field now commonly referred
to as the Friedel-Crafts chemistry. Friedel-Crafts alkyl-
ation is an important means of attaching alkyl chains to
aromatic rings and hence is a key reaction in organic
chemistry. The liquid-phase benzylation of benzene and
other aromatic compounds by benzyl chloride and ben-
zyl alcohol is an important process for the production of
diphenyl methane and substituted diphenyl methane
which are industrially important compounds used as
pharmaceutical intermediates, heat-transfer fluids, aro-
matic solvents, fragrances, monomers for polycarbonate
resins, and fine chemicals [2]. Despite more than 120
years of history, the Friedel-Crafts alkylation and acyl-
ation reactions are still in the forefront of organic syn-
thesis research. The catalysts used in these reactions are* Correspondence: sunajadevi.kr@christuniverisy.in
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in any medium, provided the original work is poften homogeneous, such as HF, H2SO4, AlCl3, and BF3.
Though readily available and inexpensive, these catalysts
have numerous drawbacks, which include violent decom-
position with water, liberating HCl, its corrosive nature,
and poor selectivity, leading to undesired polysubstituted
and isomerized by-products. During the reaction work-up,
the catalyst is destroyed which not only generates large
volumes of gaseous effluent (HCl), but also Al-rich acidic
effluents, which are difficult to deal with. Thus, these
traditional catalysts have difficulty in separation and re-
covery, disposal of spent catalyst, corrosion, high toxicity,
etc. Moreover, these catalysts are highly moisture-sensitive
and hence require moisture-free solvent and reactants and
anhydrous conditions, and also dry atmosphere for their
handling [3]. Unfortunately, they do not fulfill the current
requirements of environmental protection and safety stan-
dards. These drawbacks become a major disadvantage in
times of environmental concern, emphasizing the need to
develop an alternative to the conventional homogeneous
Lewis acid catalyst. Replacing homogeneous catalytic
systems with heterogeneous ones is advantageous mainly
because of easy catalyst recovery, reusability, and work-up
of reaction products [4-6]. During the past decade, much
attention has been paid to the replacement of homoge-
neous catalysts by solid acid catalysts such as zeolitesOpen Access article distributed under the terms of the Creative Commons
g/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction
roperly cited.
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http://www.inl-journal.com/content/3/1/40[7,8], sulfated ZrO2 or Fe2O3, sulfated Al2O3-ZrO2 or
TiO2 [9,10], clays [11,12], metal oxides [13], and modified
silica [14].
Benzylation of toluene with either benzyl alcohol or ben-
zyl chloride (BC) has extensively been studied previously.
For example, alkylation of toluene with BC in the presence
of AlSBA-15 as catalyst has been carried out with 31%
conversion and 88% para-selectivity [15]. A similar reaction
catalyzed by Fe-SBA-15 afforded the corresponding para-
alkylated product with 66% conversion and 100% selectivity
[16]. Utilization of benzyl alcohol in the presence of Ga-Al
-MCM-41 has converted 78% of toluene to a mixture of
ortho- and para-selectivity as well as ether products at 383
K for 6 h [14]. Catalytic activities of niobium phosphate
and Sc(OTf)3 in the benzylation of toluene with benzyl
alcohol have also been reported [17,18]. In most cases,
reactions either need long reaction times or are carried out
at relatively high temperatures. More importantly, they
mostly end up with a mixture of ortho- and para-alkylated
products [8,18-20]. The fundamental concept is to identify
new, stable, and recyclable catalysts as replacements
for the conventional liquid acids and ultimately develop
environmentally safe industrial processes. Herein, we report
a recyclable, easily separable, eco-friendly, and highly
effective catalytic system TiO2/SO4
2− and its modified
forms for the benzylation of toluene with BC, a typical
example of Friedel-Crafts alkylation.
Methods
Materials and apparatus
All reagents used were of analytical grade purity and were
procured from Sigma-Aldrich (St. Louis, MO, USA).
The absorbance measurements were done using a
Shimadzu UV-160A spectrophotometer (Kyoto, Japan).
Analysis of the products was done in a Chemito 8610
gas chromatograph (Mumbai, India) equipped with a
flame ionization detector and an SE-30 column.
Catalyst preparation and characterization
Cr-, Mn-, Fe-, Co-, Ni-, Cu-, and Zn-loaded (3%) sulfated
titania nano-powders were prepared using the sol-gel tech-
nique. Titanium isopropoxide was used as the precursor of
titania. Ti(OC3H7)4 (25 mL) was hydrolyzed in 300 mL of
water containing 2.5 mL of nitric acid. Precipitates formed
were stirred continuously at room temperature to form
a highly dispersed sol. To this, Cr, Mn, Fe, Co, Ni, Cu,
and Zn nitrate solutions (3 wt.%) were added separ-
ately and stirred again for about 4 h. After keeping the
sol for aging, it was concentrated and dried at 333 K.
Sulfation was done using a 0.5-M sulfuric acid solution
(2 mL g−1 of the hydroxide). The samples, after overnight
drying at 383 K, were calcined for 5 h at 773 K. The general
sample notation STX3 stands for sulfated titania with 3 wt.
% of X metal oxide, whereas T and ST denote titania andsulfated titania, respectively. A detailed procedure for
the preparation of the catalysts and their characterization
by X-ray diffraction (XRD), FT-IR, BET surface area,
TGA, EDX, and UV-vis DRS had been explained in our
earlier paper [21].
Acidity measurements by temperature-programmed de-
sorption of ammonia (NH3-TPD) and 2,6-dimethylpyridine
(2,6-DMP) adsorption-desorption studies of these catalyst
were also explained in the literature [21]. Perylene adsorp-
tion experiments were carried out in a 50-mL stoppered
U-tube by stirring 5 mL of freshly prepared perylene in
benzene solutions of varying perylene concentrations
(0.01 to 0.02 mol L−1 in benzene) and accurate amounts
of catalyst for 4 h. The contents were filtered after 24 h,
and absorbance is measured. In all cases, absorbance mea-
surements were performed in the adsorbate concentration
range, where the Beer-Lambert law is valid. From Langmuir
plots, the limiting amount of perylene adsorbed on the
catalyst surface, a measure of the Lewis acidity, is obtained.
The absorbance measurements were done at λmax = 439
nm using a 10-mm quartz cell.
Benzylation of toluene with benzyl chloride
The liquid-phase benzylation was carried out in a closed
50-mL round-bottom glass flask equipped with a reflux
condenser, magnetic stirrer, and provision for withdrawing
product samples. In a typical run, appropriate amounts of
toluene, BC, and a catalyst were allowed to react at
specified temperatures under magnetic stirring. Reaction
mixture was withdrawn at specific intervals, filtered, and
analyzed using a gas chromatograph (N2 carrier gas; injec-
tion port temperature, 503 K; column temperature, 353 K;
at a heating rate of 3 K; detector temperature, 523 K). The
reaction always yielded a single product under the present
reaction conditions and is named monoalkylated product
(MAP). The percentage conversion (wt.%) of BC is the
total percentage of BC transformed into the product.
The present work also attempts a closer look into the
metal leaching and deactivation of the systems under the
reaction conditions to obtain a better understanding of
the nature and course of the reaction. To study the reus-
ability of the catalyst, the catalyst used in the particular
reaction was removed from the reaction mixture by
filtration, washed, dried, and activated before reusing in
the next reaction. In order to test the effect of moisture
on catalyst performance, the catalyst and substrate were
saturated with water vapor by keeping them over deionized
water in a desiccator for 48 h at room temperature.
The reaction was carried out as before. To test the
metal leaching, the reaction mixture was separated
after a particular time from the reaction mixture at
the reaction temperature, and the filtrate was again
subjected for reaction for 30 min more, and the products
were monitored as before. The filtrate was further subjected
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metal ions.
Results and discussion
Textural parameters of the prepared catalysts were listed
in Table 1 from our earlier study [21]. NH3-TPD is now
widely used for evaluating the surface acidity of the solid
catalysts [22,23]. The distribution of acid sites and total
acidity values of the different systems are shown in
Table 2. The ammonia thermodesorption results give
clear evidence for the presence of surface acid sites of
different strengths going from weak to strong acidities.
Titania shows only low acidity, and sulfation increases
its acidity. Incorporation of metal ions also changes the
acidity considerably. The nature of the acid sites is greatly
altered by the nature of the ions incorporated into the
lattice. The distribution change may be a coupled effect of
the crystalline and structural changes. The change in the
acid strength distribution for the different systems may be
related to the interaction of the added metal cations with
the TiO2. A thermodesorption study of 2,6-DMP was
carried out with an intention of obtaining a comparative
evaluation of the Brönsted acidity in the samples.
Satsuma et al. [24] reported a complete elimination of the
coordinatively adsorbed 2,6-DMP after purging at an
appropriate temperature (above 573 K). Thus, we presume
that the amount of 2,6-DMP desorbed at temperatures
above 573 K is due to the desorption from Brönsted acid
sites. The results are represented in Table 2. Brönsted acid-
ity increases in the case of metal-loaded systems, compared
to titania. Among the different metal-incorporated systems,
manganese, iron, and zinc show low Brönsted acid sites,
while other metal ions do not show much change.
Perylene adsorption studies give information regarding
Lewis acid sites in the presence of Brönsted sites. This
study is based on the ability of the catalyst surface site
to accept a single electron from an electron donor like
perylene to form charge-transfer complexes. The adsorp-







T 35 0.09 12.71
ST 91 0.21 9.62
STCr3 100 0.18 5.90
STMn3 87 0.15 7.09
STFe3 104 0.17 10.40
STCo3 90 0.14 7.89
STNi3 83 0.15 12.62
STCu3 70 0.15 9.02
STZn3 92 0.14 9.83room temperature. The pale yellow or white color of the
samples changed into green after adsorption. After electron
donation, perylene gets adsorbed on the Lewis sites as
radical cation [25,26]. As the concentration of perylene in
the solution increases, the amount adsorbed also increases
up to a certain limiting value after which it remains
constant. A clear picture of the adsorption and limiting
value can be obtained by plotting the amount of perylene
adsorbed against the equilibrium concentration. These
graphs convince the Langmuir type of adsorption over solid
surfaces. However, perylene being large, along with its sole
ability for binding with electron acceptor centers, has access
only to exposed Lewis acid sites. The limiting amount
adsorbed is a measure of the Lewis acidity or the electron-
accepting capacity. The results of perylene adsorption stud-
ies for various catalytic systems are presented in Table 2.
TiO2 adsorbs a very low amount of perylene. Substantial
amount of perylene gets adsorbed on TiO2/SO4
2−. Introduc-
tion of transition metals, even in small amounts, increases
significantly the limiting value of the one-electron donor
adsorbed on the catalyst surface. This gives a clear picture
about the Lewis acidity of the catalysts.
Toluene benzylation
To optimize the reaction parameters, the benzylation of
toluene using BC was carried out by STCr3 as a repre-
sentative catalyst by varying the reaction conditions such
as catalyst mass, molar ratio, temperature.
The effect of the catalyst
We made the reaction run using benzyl chloride and
toluene in the absence of a catalyst (blank run) and in
the presence of the catalyst (0.1 g STCr3) at the refluxing
temperature of the mixture. We observed a percentage
conversion of 2.1 and 80.9 after 60 min of reaction in the
absence and presence of the catalyst, respectively. Low yield
for the reaction in the absence of the catalyst is due to
the higher activation energy of the uncatalyzed reaction.
Addition of the catalyst significantly reduced the activationPore diameter
(nm)
Elemental composition from EDX (%)
TiO2 SO4 Metal
102.8 100 - -
92.3 95.34 4.66 -
72.0 88.05 9.16 2.78
69.0 90.49 7.28 2.23
65.4 89.44 7.83 2.98
62.2 89.81 7.83 2.36
72.3 89.43 8.34 2.23
85.7 89.89 7.47 2.67
60.1 89.11 8.14 2.75
Table 2 Acidity obtained from various methods
Catalyst Total acidity Brönsted acidity Lewis acidity
Amount of ammonia desorbed (mmol g−1) Weight loss (%) of
2,6-DMP desorbed
573 to 873 K
Perylene adsorbed
(×10−6 mol · g−1)Weak Medium Strong Total
373 to 473 K 473 to 673 K 673 to 873 K 373 to 873 K
T 0.3108 0.2019 0.0103 0.5230 0.77 5.23
ST 0.5010 0.3221 0.0895 0.9126 5.17 10.4
STCr3 0.5620 0.5924 0.2898 1.4442 5.60 22.5
STMn3 0.4988 0.4110 0.1165 1.0263 2.53 22.8
STFe3 0.4798 0.3203 0.1559 0.9460 2.31 24.2
STCo3 0.4947 0.3392 0.0921 0.9260 5.47 17.4
STNi3 0.4889 0.3908 0.0431 0.9228 5.13 12.9
STCu3 0.5039 0.3793 0.0554 0.9386 5.84 15.3



















Amount of the catalyst (g) 
Conversion of BC (wt %)
Selectivity (%) to MAP
Figure 1 Effect of catalyst mass on conversion of BC. Catalyst
STCr3, toluene/BC 10:1, Reaction time 1 h, Temperature 373 K.
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path with lower activation energy, resulting in a higher
percentage conversion.
The effect of catalyst mass
To determine the optimum mass of the catalyst, reactions
were carried out by varying the mass of the catalyst from
0.05 to 0.2 g. The addition of 0.05 g catalyst changes the
percentage conversion from 1.8% to 61.7% (Figure 1). An
initial steep increase in the conversion is observed when
0.1 g catalyst is used and reaches 100% when the amount
is 0.2 g. These results indicate that only a small amount of
catalyst is needed for the reaction to take place. At high
catalyst concentration, a decrease in selectivity to MAP is
observed. As the amount of catalyst is increased, there is a
steady increase in the conversion, because of the increase
in the total number of acid sites available for the reaction
[27]. The product yield is found to be proportional to the
amount of the catalyst taken, establishing that the reaction
proceeds through a pure heterogeneous mechanism. Singh
et al. [28] studied the influence of catalyst concentration
in the benzylation of o-xylene using zeolite catalysts and
found similar results.
Influence of toluene/BC molar ratio
The influence of toluene/BC molar ratio on the conversion
and product distribution over STCr3 at 373 K is shown in
Table 3. As the molar ratio increased from 5:1 to 20:1, the
BC conversion also increased. At lower toluene to BC
ratios, the amount of polyalkylation is negligible, while it
considerably increases at higher molar ratios. The results
show that benzylation is favored with a lower concentration
of benzylating agent. Rohan et al. [29] reported that
when the concentration of the benzylating agent is high,
alkylated products may enhance the poisoning effect, which
is strongly adsorbed on the catalyst surface. This restrictsfurther adsorption of the reactant molecules and thus
reduces the conversion of BC. At high arene-to-BC molar
ratio, this inhibition would be less significant which helps
to desorb the products formed from the catalyst surface eas-
ily. A similar observation is also reported for benzylation of
toluene over H-Y [30] and o-xylene over H-β zeolites [28].
The effect of reaction temperature
In order to study the effect of temperature, the benzylation
was carried out from 343 to 383 K with a 10:1 molar ratio
(toluene/BC). The result (Figure 2) shows that an increase
in the temperature results in enhanced activity. This is
due to the speedy desorption of the alkylated product from
the catalyst surface as the temperature increases which











Amount of catalyst 0.1 g STCr3, reaction time 1 h, temperature 373 K.
Table 4 Influence of substrate on catalytic activity in
benzylation of arenes




Benzene 60 4.8 100
Toluene 60 32.2 100
o-Xylene 60 64.8 100
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http://www.inl-journal.com/content/3/1/40facilitates the further adsorption of reactant molecules,
resulting in the increased conversion of BC. Maximum
conversion is found to be at the refluxing temperature
with 100% selectivity to the monoalkylated product.
The effect of substrate
Catalytic activity largely depends on the substrate used.
Variation of reactivity with substrate was studied by
carrying out the reaction using benzene, toluene, and
o-xylene over the same catalyst under the same reaction
conditions. Table 4 gives the details of the results
for reactions conducted with different substrates. The
reaction is in the order o-xylene > toluene > benzene.
Sebti et al. [31] reported similar results over different
Lewis acids supported on hydroxyapatite for benzylation
reaction. The observed order of reactivity is exactly the
same as the order of electron-releasing effect of the substi-
tuting group in the benzene ring. The inductive effect of
methyl group makes the reaction more facile with toluene
and still higher for xylene due to the cumulative effect of
two methyl groups. Similar results have been reported by

























Figure 2 Influence of reaction temperature on the conversion
of BC. Amount of catalyst 0.1 g STCr3, toluene/BC 10:1, reaction
time 1 h.Stability, reusability, and leaching
To confirm the involvement of Lewis acid sites in catalyzing
the reaction, the influence of moisture on catalytic activity
was tested. The activated catalyst and substrate were satu-
rated with water vapor, by keeping them over deionized
water in a desiccator for 72 h at room temperature. The
reactions were carried out at 383 K for 90 min by taking
toluene-to-BC molar ratio 10:1. For comparison, parallel
runs were conducted using activated fresh catalysts. The
percentage conversion suddenly rose from 15.7% to 59.3%
in the time range of 45 to 60 min (Table 5). This may be
correlated with the reversible transformation of
the Lewis acid sites into Brönsted acid sites upon expos-
ure to moisture. Thus, there was a time period for
which the catalyst was inactive towards reaction, when
it is adsorbed with moisture. However, after the induc-
tion period, reaction proceeds with almost the same rate.
The moisture gets adsorbed on the active sites on the cata-
lyst surface and prevents the interaction of BC molecules
with these sites [26]. Once the sites are freed from mois-
ture, they are active towards the desired reaction. These
catalysts do not demand stringent moisture-free conditions
to be highly active in the benzylation process.
One of the major objectives guiding the development
of solid acid catalysts includes the easy separation of
final products from the reaction mixture and efficient
catalyst recovery. The reusability of the catalyst systems
was also subject to investigation. The catalyst was removed
by filtration from the reaction solution, washed thoroughly
with acetone, then dried, and activated. No pronounced
change was observed in the XRD pattern (Figure 3),
except for a slight lowering of intensity, symptomatic
of the retention of the crystalline nature. It was tested for
catalytic activity in four cycles, and no noticeable change in
conversion was detected (Table 6), indicating the absenceTable 5 Effect of moisture on the conversion of benzyl
chloride over STCr3
Catalyst Conversion of BC (wt.%)
15 min 30 min 45 min 60 min 75 min 90 min
Moisture 3.5 8.9 15.7 59.3 70.4 88.0
Fresh 34.2 62.3 70.4 80.1 88.9 89.4
Amount of catalyst 0.1 g, toluene/BC 10:1, reaction temperature 383 K.












Figure 3 XRD patterns of STCr3 catalyst (curve a) before and
(curve b) after reaction.
Table 7 Benzylation of toluene over different metal-loaded
sulfated titania systems










Amount of catalyst 0.1 g, toluene/BC 10:1, reaction temperature 373 K,
reaction time 1 h; a20 min.
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suggests the resistance to rapid deactivation.
To prove the heterogeneous character of the reactions,
the reactants were carefully withdrawn and filtered while
hot and charged into an empty round-bottom flask
equipped with a condenser maintained at the same
temperature. The system was allowed to react further
without the catalyst. The filtrate was further subjected to
qualitative analysis for testing the presence of leached
metal ions. There was no metal leaching in all the systems
under study. We conclude that metal chloride, if at all
formed by the probable reaction of BC or HCl evolved in
the reaction, exists on the catalyst surface. Thus, the
reaction can be assumed to be mainly heterogeneous
in nature. The low metal content may be the reason for
the heterogeneous character of the reaction. The metal
seems well dispersed on the catalyst surface as a part
of the complex structure, which explains its stability.
The same observation was seen in the XRD results. No
peaks corresponding to the transition metal oxide is
detected in the XRD, suggesting that it exists as the
amorphous phase without getting incorporated into
the TiO2 phase, i.e., they are in a highly dispersed form
on the surface.
The effect of metal loading
Catalytic activities of all the systems were evaluated at
a molar ratio of 10:1, using a 0.1-g catalyst and at a
reaction temperature of 373 K. Table 7 presents theTable 6 Regeneration of catalyst
Number of cycles 1 2 3 4
Conversion of BC (wt.%) 78.10 75.54 72.28 61.48
Amount of catalyst 0.1 g STCr3, toluene/BC 10:1, reaction temperature 373 K.results of benzylation of toluene using BC over different
metal-loaded TiO2/SO4
2− systems. The sulfated system
gives comparatively higher conversion than titania. The
modified TiO2-SO4
2− shows a good activity to BC conver-
sion. Cent percent selectivity to the monobenzylated prod-
uct remains the same in all metal-loaded systems. Among
the various metal-loaded systems, a notable deviation
was observed in the case of iron-incorporated systems.
Abnormally high conversions (within 20 min), which
do not commensurate with the Lewis acidity values,
may be attributed to the reducible character of the
iron. The conversion becomes 100% within 15 min in
the case of iron-loaded systems. This may be an indication
of the fact that the iron content or the Lewis acidity is not
the only factor favoring the reaction. It is reported that
catalysts containing reducible cations like Fe3+, Sn4+, Cu2+,
Sb3+ regardless of their low Lewis acidities exhibit high
alkylation activity [32-34].
The acid-base properties of metal oxide carriers can
significantly affect the final selectivity of heterogeneous
catalysts [30]. Friedel-Crafts alkylation is an aromatic
electrophilic substitution reaction in which the carbocation
is formed by the complexation of alkyl halide with the
catalyst. The carbocation attacks the aromatic species
for alkylation, and hence, formation of carbocation is an
important step in the reaction mechanism. Lewis acidic
centers on the catalyst surface facilitate the carbocation
formation [35]. Thus, an attempt is made to correlate the
catalytic activity with the acidic characteristics determined
by perylene adsorption studies. Conversion of BC for
different systems is in agreement with the amount of
Lewis acid sites measured from perylene adsorption
studies (Figure 4). Metal loading and sulfate modification
provoke considerable synergistic effect leading to
an enhanced activity. The metal oxide surface contains
both Brönsted and Lewis acid sites and the above observa-
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Conversion of BC (wt%)
Figure 4 Catalytic activity correlated with Lewis acidity
determined from perylene adsorption studies.
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nia systems. Introduction of sulfate ions increases the sur-
face acidity due to the electron-withdrawing nature of the
sulfate groups, which increases the number of Lewis sites.
Mechanism of benzylation reaction
The reaction appears to proceed by an electrophile,
which involves the reaction of BC with the acidic titania
catalyst. The acidic catalyst polarizes the benzylating
agent and, in turn, produces an electrophile (C6H5CH2
+).
Thus, the generated electrophilic species attack the benzene
ring, resulting in the formation of the corresponding
dimethyl diphenyl derivative [36]. Nonpolar nature of
the substrate molecules also supports the formation of












Figure 5 Mechanism of Friedel-Crafts benzylation using benzyl
chloride showing the active involvement of Lewis acid site.on the catalyst surface. A plausible mechanism for the
reaction can be represented schematically, as shown in
Figure 5. The percentage conversions obtained in the
case of iron-loaded systems were much higher than
those expected from Lewis acidity. The high activity of
iron systems, which does not commensurate with the
acidity values, can be attributed to the redox or free radical
mechanism (Figure 6). Choudary et al. [34] suggested the
possibility of a redox mechanism for reducible cations
when BC was the alkylating agent. Considering all the
aspects, we propose the existence of a redox or a free
radical mechanism in the case of Fe-loaded samples
side by side with the involvement of Lewis acid sites.
Radicals are powerful reductants, which can readily be
oxidized to cations in the presence of reducible metal
cations. Thus, the high activity associated with these
reducible cations involves the initiation of the reaction by
the homolytic cleavage of the carbon-chlorine bond followed
by the oxidation of the radical to the corresponding ion.
Conclusions
Transition metal-loaded TiO2/SO4
2− resulted in materials
with good acidic and textural properties. Studies on
elemental composition and surface area indicate the
presence of loaded metals. Benzylation of toluene occurs
efficiently over these catalysts. Cent percent monoalkylated
product selectivity is obtained with these catalysts. A good
relationship between acid strength of the catalyst and its
catalytic activity could be observed. The prepared systems
are environmentally friendly and are easy to handle. The
catalyst can be reused. Mostly, the inexpensive and environ-
mentally friendly nature of these catalysts led to their broad
use in research laboratories and even to their application in
the industry for Friedel-Crafts alkylation reactions. The
trend is clear: the strengthening environmental regulations
and safety concerns will generate even further interest
in the application of these catalysts.
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